Enterotoxin-positive (Ent') and enterotoxin-negative (Ent-) strains of Clostridium perfringens were cultured in Duncan-Strong sporulation medium containing starch at 37 and 46°C. At 37°C, all strains degraded starch and sporulated well. However, only Ent-strains could hydrolyze starch, grow extensively, and sporulate at 46°C. Growth, sporulation, and starch hydrolysis by Ent' strains at 46°C were equivalent to those obtained at 37°C when a-amylase was added to the cultures during growth. The total amount of extracellular plus intracellular amylase in cultures of Ent' strains was significantly less in cells incubated at 46°C than in cells incubated at 37°C. These results contradict an earlier report that Ent+ strains cannot sporulate well near their optimal growth temperature (R. G. Labbe and C. L. Duncan, Can. J. Microbiol. 20:1493Microbiol. 20: -1501Microbiol. 20: , 1974 and suggest that synthesis of ot-amylase in Ent' strains is regulated by temperature.
Clostridium perfringens has been commonly known as a leading cause of gas gangrene. However, in recent decades it has also been recognized as an important cause of foodborne disease in many countries (17) . Symptoms of this illness include diarrhea and abdominal pain and in some cases headache, nausea, and vomiting (16) due to an enterotoxin produced during the sporulation of many strains of this organism (15, 16) . In addition, the survival of the organism and prevalence of the illness are enhanced by the organism's spore-forming ability. Thus there is considerable interest in the sporulation process of this organism.
Many species of Bacillus and Clostridium sporulate satisfactorily at their optimal growth temperature. In C. perfringens this temperature is between 43 and 46°C (10, 20) . However, several authors found only very low spore production at 46°C (9, 11) , and they reported that the optimal temperature for sporulation is near 37°C (11) .
The presence of carbohydrates in several media for cultivating C. perfringens is necessary for abundant growth and high spore levels (12, 19) . Most of complex media used to study the sporulation of this organism contain starch as the principal carbohydrate source (3, 4, 6, 9, 18) . The use of soluble starches results in more sporulation than does the use of potato, corn, or arrowroot starch (13) . Starch is hydrolyzed by an ot-amylase produced by this organism (12) . Duncan and Strong (DS) medium (10) has been the most widely used for sporulation of C. perfringens. Labbe and Duncan (12) reported that in this medium this organism grows in a biphasic manner; the second phase is caused by the production of rapidly metabolized carbohydrates resulting from amylolytic reactions. It has also been shown in several species of bacteria and yeast that growth temperature can affect amylase secretion and thus starch hydrolysis (5, 7) . In this work we determined the effect of temperature on starch hydrolysis, growth, and sporulation of C. perfringens.
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MATERIALS AND METHODS
Strains and growth conditions. The enterotoxin-positive (Ent') and enterotoxin-negative (Ent-) C. perfringens strains used are listed in Table 1 . They were maintained as sporulated stock cultures in Robertson cooked meat broth (21) at -20°C. The inoculum was prepared by transferring 2 drops from the stock culture to 10 ml of fluid thioglycollate medium (Difco) contained in 15-by 150-mm screw-capped tubes. The tubes were heated at 75°C for 15 min, cooled, and incubated overnight at 37°C. They were used to inoculate (0.5% inoculum) DS medium containing 0.05% sodium thioglycollate. Before autoclaving, 0.2% of 0.66 M sodium carbonate was added to the DS medium to raise the pH to approximately 7.8 (8) . Cultures were incubated at 37, 43, or 46°C, and growth was monitored by using a Klett-Summerson colorimeter (green filter). Experiments were done at least in duplicate.
Starch concentration. The starch concentration in the culture supernatant fluid was measured as described by Labbe and Duncan (12) with some modifications. Standard solutions of soluble starch (ICN) were prepared from 4.0 to 0.4 mg/ml. A stock iodine solution (0.5 g of 12 plus 5 g of KI) in 100 ml of distilled water was prepared and diluted 1:10 before use. Samples (1 ml) of cultures were centrifuged at 10,000 x g for 3 min at room temperature. Then 6 ml of the iodine solution was added to 150 pul of culture supernatant or standard. The A620 of the mixture was immediately determined.
Preparation of cell extracts. Six-hour cultures were centrifuged at 3,000 x g for 15 min at 5°C, washed twice with ice-cold 0.02 M phosphate buffer (pH 6.9) containing 6.7 mM NaCl, and resuspended in the same buffer. The cell suspension, cooled in an ice-water mixture, was then disrupted by sonication (Branson Ultrasonics sonicator) with a tapered microtip. The suspension was sonicated for 45 s with 60-s cooling periods until essentially all cells were disrupted. The sample was then centrifuged at 10,000 x g for 30 min, and Preparation of amylase. Heat-stable Bacillus licheniformis oa-amylase (14,160 U/ml; Sigma) was diluted 1:1,000 in 0.05 M Tris buffer (pH 7.0). Protease activity, as determined by the Azocoll method (14) , was detected in the solution of commercial amylase. However it could be eliminated by heating the amylase at 75°C for 20 min. Where indicated, 30 IlI of the heated amylase preparation was added to 10 ml of DS cultures at 3, 4, and 5 h.
Amylase assay. The presence of extracellular a-amylase was determined by the measurement of reducing sugars by the dinitrosalicylic acid method (1) after removal of cells by centrifugation at 16 ,000 x g for 3 min. Intracellular amylase activity was measured as follows. A 2-ml sample of cell extract material was mixed with 2 ml of 1% soluble starch dissolved in 20 mM phosphate buffer (pH 6.9). The mixture was incubated at 37 or 46°C. Samples were taken at various times for reducing sugar determination. One unit of a-amylase is defined as the amount that liberates 1 ,umol of reducing sugar per min with maltose as a standard. The specific activity is expressed as units per milligram of protein.
Protein determination. Protein concentration was determined by the Bradford method (2) with bovine serum albumin as a standard.
Spore counts. Samples of 2 ml were transferred from 12-h cultures to screw-capped tubes and heated at 75°C for 20 min. Viable counts were enumerated by using a medium composed of 1.5% Trypticase (BBL Microbiology Systems), 1% yeast extract, and 1.5% agar. Plates were incubated at 37°C for 24 h under anaerobic conditions in a GasPak chamber (BBL Microbiology Systems).
Electron microscopy. Samples from 7-h cultures were centrifuged at 8,000 x g for 15 min at 4°C. The pellet was suspended in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.0) for 5 min at room temperature. The sample was then centrifuged and resuspended in fresh glutaraldehyde and kept at 4°C for 2 h. After the sample was washed in phosphate buffer, it was held at room temperature for 36 h and then postfixed with 1% osmium tetroxide for 2 h. The sample was dehydrated successively in 20, 50, 70, and 95% ethanol for 15 min each and finally in 100% ethanol for 30 min. The sample was infiltrated in a mixture of EponAraldite resin and propylene oxide in the following proportions and times: 1:2 for 6 min, 1:1 for 2 h, 2:1 for 12 to 15 h, and 1:0 for 3 h. The sample was then polymerized at 70°C for 8 h. Thin sections were stained with 5% (wt/vol) uranyl acetate for 15 min and 0.4% (wt/vol) lead acetate for 15 min. Samples were examined in a JEOL 100S electron microscope at an accelerating voltage of 60 kV.
RESULTS
Growth, sporulation, and starch hydrolysis by Ent' strains. The Ent' strain NCTC 8238 grew well at 37°C. Starch hydrolysis occurred concomitantly with growth (Fig. 1A) . Observation of 7-h cultures by phase-contrast microscopy revealed predominantly sporulating cells, most of which possessed refractile spores. A heat-resistant spore level of 5.2 x 106/ml was obtained from 10-to 12-h samples (Table  2) . However, at 46°C little growth or starch hydrolysis occurred. Fewer than 100 heat-resistant spores per ml were produced (Table 2 ). Electron micrographs of cells grown at 46°C revealed vegetative cells but no sporulating cells ( Fig.   2A ).
Another Ent' strain, NCTC 8239, also grew (Fig. 1B) and sporulated well (Table 2) at 37°C. This strain grew to a higher level than NCTC 8238, and the starch concentration was negligible at 11 h. Again, at 46°C growth, starch hydrolysis, and spore levels were minimal. Similar limited growth occurred at 43°C (data not shown). A small degree of starch hydrolysis occurred at 46°C at 9 to 10 h in both Ent' strains. Growth, sporulation, and starch hydrolysis by Ent-strains. At 37°C the Ent-strain FD-1 reached maximum growth levels in DS medium at 9 h, at which time starch was also no longer detectable (Fig. 3A) . A level of 3.0 x 107 heatresistant spores per ml was obtained at this temperature (Table 2) . When incubated at 46°C this strain differed from the Ent+ strains tested in that the culture showed levels of growth, spore production, and starch hydrolysis that were similar to those obtained at 37°C. However, at 46°C maximum growth was obtained more rapidly (7 h ) and starch concentration decreased faster than at 37°C.
Another Ent-strain, ATCC 3624, also grew, sporulated, and hydrolyzed starch at both 37 and 46°C (Fig. 3B) . At 46°C this strain grew more rapidly than did any other strain tested, reaching maximum levels within 5 h. However, the spore levels were lower than those obtained at 37°C ( (Fig. 4) . Spores of normal appearance (Fig. 2B ) were visible at 7 h at levels comparable to those obtained at 37°C without amylase ( These results indicate that amylase is present in relatively similar concentrations in cell extracts at both growth temperatures. However, these data do not take into account the low cell mass at 46°C. Accordingly, the total amylase activities in cultures of Ent+ and Ent-strains grown at 46°C were compared (Table 3) . Approximately 10-to 20-fold less amylase was present in 1-liter cultures of Ent+ strains than in equivalent cultures Ent strains.
The presence of reducing sugars in the supernatant fluid of both NCTC 8238 and NCTC 8239 grown at 37 and 46°C is shown in Fig. 5 . At both temperatures there was a minor decrease in the level of reducing sugars during the first 2 h, but at 37°C there was a substantial increase in the levels of reducing sugar as the culture aged. This increase coincided with the reduction in starch concentration in the culture of both strains at this temperature ( Fig. 1) . At 46°C no significant increase in reducing sugars occurred (Fig. 5) , again reflecting the lack of starch hydrolysis by these enterotoxinpositive strains at this temperature.
DISCUSSION
Enterotoxin formation accompanies the sporulation of Ent' strains of C. perfringens, and DS medium is commonly used for the production of both. (12) .
The optimal growth temperature for C. perfringens is 43 to 46°C (10, 20) . For many Bacillus and Clostridium species, optimal sporulation occurs at or near the optimal temperature for growth. Previous reports had indicated that this is not the case for C. perfringens, since low spore levels were obtained at 46°C (9, 11) . However these workers used Ent' with Ent' strains than with Ent-strains grown at 46°C. Thus it appears that the synthesis of amylase is greatly reduced at the elevated temperature. The fact that intracellular amylase activity was higher when the assays were conducted at 46°C than when the assays were conducted at 37°C indicates that it was not enzyme activity that was impared at the higher temperature.
The decrease in starch concentration observed here at 7 to 9 h in the Ent' strains was small but reproducible. This decrease could be due to cell autolysis. We are currently investigating the biochemical properties of C. perfringens ol-amylase and other aspects of sporulation of this organism at its optimal growth temperature with carbohydrates other than starch.
